The Griffith criterion for dynamic crack growth results from a calculation of a minimum in the Gibbs free energy of an infinite medium containing a single elliptical crack. However rock failure in the laboratory or during large earthquakes is usually preceded by the evolution of an aureole of damage in the form of subsidiary microcracks or faults. A characteristic of such precursory damage is that it is fractal, having a power-law crack length distribution, and also a power-law spatial and temporal correlation. Such fractal damage is consistent with the concept of faulting or cracking as a self-organized critical phenomenon, and has been widely confirmed by empirical observation of faults, laboratory fractures and indirect seismic monitoring in the laboratory and field.
S U M M A R Y
The Griffith criterion for dynamic crack growth results from a calculation of a minimum in the Gibbs free energy of an infinite medium containing a single elliptical crack. However rock failure in the laboratory or during large earthquakes is usually preceded by the evolution of an aureole of damage in the form of subsidiary microcracks or faults. A characteristic of such precursory damage is that it is fractal, having a power-law crack length distribution, and also a power-law spatial and temporal correlation. Such fractal damage is consistent with the concept of faulting or cracking as a self-organized critical phenomenon, and has been widely confirmed by empirical observation of faults, laboratory fractures and indirect seismic monitoring in the laboratory and field.
Here we consider the free energy change A F associated with an ensemble of NT weakly interacting, aligned, elliptical cracks of different lengths, with semilength expectation value (c), under a constant tensile stress (7 applied at the boundary of each element. The crack ensemble represents a state of damage which may evolve in a quasi-static way due to subcritical crack growth. By considering d ( A F ) / d ( c ) = 0, a modified strain energy release rate G' = -i3U/aAd =f((c), (c')) is defined, where U is the potential strain energy, and Ad is the total surface area of the array of cracks. For a given NT, G' is proportional to the rate of change of the total volume of damage with respect to the total area of damage A,. This reflects the fact that mechanical energy is stored in a volume, and released on a surface. As the number of cracks tends to 1, G' tends naturally to the strain energy release rate G for a single crack. For a fractal distribution of crack lengths N,(c) = NT(~/~o)-D, limited to a range (co, el), it can be shown that G' is negatively correlated to D for a given constant value of NT. Also, the curves for higher NT are associated with higher G'. A similar result can be obtained more simply by using the expectation value ( G ) directly as an appropriate parameter, with the advantage that both NT and D can be allowed to vary independently. These predictions are respectively consistent with the positive (negative) correlation established between acoustic emission event rates (seismic b-values) and G in the laboratory for quasi-static tensile failure by mode I subcritical crack growth due to stress corrosion reactions in double torsion loading. The theory also correctly predicts the order of magnitude of the stress corrosion index for these experiments, and the observation that more heterogeneous materials have higher stress corrosion indices. However the correlations established between event rate, D and G ' (or ( G ) ) are completely general, and can apply in principle to other forms of fault development or crack growth with weak long-range interactions.
Most studies of the statistics of damage evolution are by their very nature indirect or posthumous, unless the material of interest is optically transparent. Seismic monitoring of damage in the form of small earthquakes or acoustic emissions can be used to measure the parameters a and b of the earthquake frequency-magnitude
INTRODUCTION
The physics of fracture propagation was first investigated by Griffith (1920 Griffith ( , 1924 , who considered a single 2-D elliptical crack of semilength c and width w embedded in an effectively infinite medium with a tensile stress u applied at the remote boundary. The change in the free energy caused by the introduction of such a crack is A F = -B2u2c2w + 4ycw, where 2 y is the energy needed to separate a unit area of material at the crack tip and B depends on the elastic constants and the geometry of the solid body (Irwin 1948 ).
The parameter r, which also includes the effects of any pre-existing flaws and any inelastic, non-recoverable energy due to fracture propagation, is often used in place of y when inelastic processes are important. In theory, because it includes inelastic processes, r may be greater than the specific fracture energy y which is limited to the creation of a new surface by elastic, thermodynamically reversible processes. In practice, because of the pervasive presence of flaws in the microstructure of most materials, r is actually much less than predicted from the thermodynamic separation of atomic bonds (Scholz 1990) . By minimizing the free energy change, a ( A F ) / a c = 0, Griffith showed that the minimum condition for dynamic rupture could be stated in the form G = G,, where G = B'u'c is the potential strain energy release rate (per unit area) stored in the body. Explicitly G = -L3U/L3AC, where U = -B2u'c2w is the potential strain energy and A, =4cw is the crack surface area. The critical condition for dynamic failure for a thermodynamically recoverable, elastic process is G, = 2 y.
When G > G, supercritical crack growth involving crack branching can occur, and when G < G , subcritical crack growth can occur in the presence of a chemically active species in the pore space, allowing stable, quasi-static crack propagation due to stress corrosion reactions at much slower rates than the dynamic rates observed for the Griffith criterion G = G, (Atkinson & Meredith 1987) . Furthermore laboratory-based acoustic emission studies reveal that subcritical crack growth occurs on a multitude of cracks covering a large range of scales (Meredith & Atkinson 1983 ).
Griffith argued that all natural materials contain microscopic defects and flaws, from which cracks could nucleate and grow, but his theory predicted that only the largest crack in the most favourable orientation to the stress field would grow, thereby allowing the effect of a multitude of subsidiary cracks and flaws to be ignored. This 'single crack' approximation adequately predicts the parabolic dependence of shear strength on normal stress in tension or moderate confined compression (Jaeger & Cook 1979 ), but does not explain the evolution of damage in the form of distributed microcracking observed on a range of scale in heterogeneous materials. Thus the elastic Griffith criterion is insufficient to explain either the observed distribution of acoustic emission statistics in the laboratory or the distribution of fault sizes in the Earth. In order to account for this Rundle & Klein (1989) modified the form of the free energy function to include an elastic 'interaction potential' between a set of distributed microcracks, and argued from numerical modelling experiments that a diffuse halo surrounding the classical portion of the crack could be identified with the fracture 'process zone' often postulated but not always observed in laboratory studies of advancing cracks in geological materials. In general it is found that geological materials have a much wider aureole of damage than would be expected solely from stress concentrations in a process zone immediately ahead of the macrocrack tip (t5.g. Cox & Scholz 1988) .
The nature of a fracture process zone or a wide zone of damage in heterogeneous rocks is strongly dependent on environmental effects, notably the possibility of stress corrosion reactions, which allows stable, subcritical crack growth at G < G, (Atkinson & Meredith 1987) . For example in double torsion tensile failure of basic crystalline rocks (Meredith & Atkinson 1983) , water-saturated samples produce a much more marked zone of microcrack damage at low G than samples which failed more dynamically at high G (Main, Peacock & Meredith 1990a) . Thus the evolution of damage is both an environment-dependent and a time-dependent process, governed in this case by constitutive laws for stress corrosion crack growth.
Because of the ubiquity of mineral veins in geological exposure, it is reasonable to assume that stress corrosion is also an important time-dependent mechanism operating in the Earth's brittle crust. Indeed direct geological evidence for stress-corrosion cracking followed by mineral deposition is documented by Kerrich, La Tour & Barnett (1981) , Etheridge (1983) and Segall & Pollard (1983) . Several theoretical studies have now been undertaken assuming stress-corrosion constitutive laws apply to the Earth's brittle crust, usually preferring the use of stress intensity K rather than energy release rate G as a modelling parameter. This distinction is largely a matter of approach rather than substance, since for most load geometries G is proportional to K 2 via appropriate elastic constants (Atkinson & Meredith 1987) . Das & Scholz (1981) assumed a constant stress and a random distribution of critical stress intensities to derive Omori's law for aftershock sequences, and estimated a stress corrosion index of 24 for a delayed rupture event, within the range 20-60 observed in the laboratory. Yamashita & Knopoff (1987) extended this model to examine aftershocks occurring both on and around a heterogeneous fault plane, and also examined the effect of different distributions of K on foreshock occurrence . Main (1988) extended Das & Scholz's model to time-varying stress, and Main (1990) showed that the duration of intermediate-term earthquake precursors could not be reconciled solely with the accelerated nucleation and growth of a single dominant macrocrack. All of these modelling studies assume that the governing equations for shear crack growth are similar in form to that for tensile crack growth, and either neglect or assume very simple frictional behaviour. However, there is no reason to suppose that the governing equations for shear cracking will have a different form to tensile cracking, although the values of the controlling constants may differ (Das & Scholz 1981) . It is also known that shear crack growth is preceded by tensile failure ahead of the shear crack tip in mode I11 failure (Cox & Scholz 1988) , so the success of the theoretical modelling described above is perhaps not surprising.
Fractal damage
It is known that many natural systems are scale-invariant or fractal in nature (Mandelbrot 1982) , including many examples in geology and geophysics (Turcotte 1989) . More specifically both the length distribution of faults or microcracks in the aureole of damage (Main et al. 1990a) , and the spatial correlation of earthquakes and fractures in space (Hirata, Satoh & Ito 1987; Hirata 1989 ) and time (Smalley et al. 1987) . follow the power-law distributions consistent with a fractal geometry. All fractals are restricted to a specific range of scales at which scale-invariance applies (Mandelbrot 1982) , and it is important to specify these upper and lower limits in specific applications, as well as the fractal dimensions D which apply within this range. Recently several studies (Sornette & Sornette 1989; Bak & Tang 1989; Ito & Matsuzaki 1990 ) have shown that a fractal distribution of earthquakes can be shown to be a consequence of a self-organized critical process. Thus the distribution of energy states is dominated by the geometric space in which the fractures develop rather than the usual Boltzmann exponential. This space may be Euclidean but is more generally fractal. Self-organized criticality, and specifically the presence of power law distributions, requires the presence either of explicit long-range interactions in the fracture process, similar to those suggested by Rundle & Klein (1989) , or alternately of long-range order produced by short-range interactions (Bak & Tang 1989) . The former can be seen as a consequence of the elastic energy associated with long-range interactions, and the latter results from the configurational entropy of the spatial distribution of the crack surface area on a range of scales.
One aspect of this long-range interaction or order in laboratory stress corrosion crack growth is that the subsidiary microcracking shows a negative correlation between the seismic b-value and the stress intensity in tensile stress corrosion crack growth, while a positive, strongly non-linear dependence between stress intensity and seismic event rates N is observed (Meredith & Atkinson 1983 ). Meredith, Main & Jones (1990) have used the former observation to predict time-dependent variations in b prior to dynamic failure for a variety of macroscopic stress histories, assuming that the power-law exponent D of the length distribution is proportional to the seismic b-value (Aki 1981) . In this mode the evolution of damage in the form of an ensemble of subcritically growing microcracks is implicitly subsumed into the stress history, rather than being explicitly included as in Costin (1983) or Main (1990) .
In a classic paper on the evolution of damage in heterogeneous materials Costin (1983) used a combination of subcritical (due to stress corrosion) and ultimately critical (due to crack coalescence) crack growth in an ensemble of NT cracks of equal semilengths ci to derive yield surfaces and failure envelopes, as well as stress-strain curves which depend on the volume V of the sample and the total volume of damage affected by the crack ensemble [Vd= (4/3)nNT( c')], using O' Connell & Budiansky's (1974) formulae relating crack density ( V d / V ) to elastic parameters. This acknowledgment of enhanced damage due to environmental effects prior to dynamic failure (where such effects are negligible) was a significant advance over the purely mechanical Griffith criterion in describing the rheology of natural heterogeneous materials, but failed to account for the range of scales over which subcritical crack growth occurs. The aim of the present paper is to calculate an energy balance criterion, for which it turns out that the average crack semilength (c ) is an appropriate controlling variable, assuming a fractal or power-law distribution of crack lengths, and hence extend the Griffith criterion more effectively to an ensemble of cracks growing in an active chemical environment on a range of scales such as those seen in rock samples and in the Earth. Two approaches are described. In part A a modified Griffith criterion based on minimizing the average free energy of an ensemble of cracks of different sizes is presented, and in part B a simper and more general approach using an expectation value ( G ) is applied. The statistical mechanics producing the long-range order is not explicitly included in the model at this stage, though a fractal crack distribution results quite naturally from a self-organized critial process. The formulation of the present paper also allows the extension of the semiqualitative model for earthquake precursors of Meredith, Main & Jones (1990) to a more quantitative basis, and to include seismic event rates as well as seismic b-values.
A: A MODIFIED G R l F F l T H CRITERION FOR DISTRIBUTED FRACTAL D A M A G E
In the following we assume an ensemble of NT aligned, weakly interacting elliptical cracks of varying semilength c and width w, embedded in a medium with constant effective elastic constants, and with each of the NT volume elements subjected to a uniform stress u at the boundary (Fig. 1) . We further assume that the elastic energy associated with crack-crack interaction is negligible, and that the cracks remain isolated within their volume elements, corresponding to constant NT. Under such conditions, corresponding to the early phase of damage zone development, the total free energy change for the whole ensemble is where B 2 = n / E , and E is the Young's modulus, for the case of aligned, elliptical tensile cracks. The total volume of damage is defined for this 2-D dimensional problem as V, = nN,w (c'), and the total crack surface area due to the damage is A, = 4NTw ( c ) . At this stage of the modelling E is taken to be a constant. Angle brackets denote expectation values which depend on the range of semilengths (co,cl) and the probability distribution of crack semilengths in this range. We will assume that the minimum crack length co is constant. The total crack surface area A, can grow with no change in the free energy when a(AF)/aA,=O (equation
This equation is only meaningful when both (c') and ( c ) can be expressed as functions of each other, or through a single variable (c') =f,(a); (c) =f2(a). Thus there is no general solution, and the particular solution depends crucially on the distribution of crack lengths being reducible to this form. We shall show that for constant NT and co, that this can be done for the special case of a fractal distribution of cracks. By analogy with Griffith's definition of the potential energy release rate we define an appropriate potential energy release rate for the whole ensemble as so that the criterion for dynamic failure is G' 2 G,, G, = 2y.
U is the potential energy of the whole system, and is proportional to the volume of damage. Expectation values refer to mean values of each parameter averaged over the total number of volume elements, so that as the number of cracks tends to 1, G' tends to the strain energy release rate G for a single crack. In addition t o this purely mechanical Griffith criterion for instability we shall also assume that stable crack damage evolution can also take place due t o stress corrosion cracking in the range (Go, (3, ) . Go is the minimum potential energy release rate which promotes subcritical crack growth, and below which crack healing takes place. This justifies treating the variable co as a constant in equation (2) above. co is then the minimum crack size for a given stress u which will grow due to stress corrosion.
The presence of stress corrosion implies that a stable free energy minimum can be found for stresses below the dynamic failure strength by adding a (negative) contribution from the free energy associated with the fluid-rock interaction at the crack tip in the form of stress corrosion reactions. If this fluid-rock interaction also takes place on a surface, then this effect can be modelled by replacing y with a smaller physico-chemical energy release rate y'. As the velocity of crack propagation increases t o dynamic rates, where stress corrosion is limited by the rate of diffusion of fluid to the crack tip (Atkinson & Meredith 1987) , the mechanical term dominates and y'+ y. Without this environmental effect the largest crack rapidly dominates the failure criterion. Griffith neglected such fluid-rock interactions and considered only the mechanical free energy, thereby allowing the contribution of a multitude of smaller cracks to be ignored. However, as we have seen, the weight of experimental and field evidence supports the importance of smaller microcracks, particularly in the early phase of damage to which the present paper is addressed. Fig. 2 schematically illustrates the transition from subcritical to critical crack growth for a single expanding crack.
Equations (2) G' clearly depends on the first and second moments of the length distribution, in our case for a cumulative power-law probability distribution P of the form P(c 2 x ) = (C/CJD.
( 5 )
The exponent D can be regarded as a fractal dimension corresponding to the length or area distribution of cracks (Aki 1981; Turcotte 1989) . For this distribution the ith moment is given by Once this condition is met the largest crack rapidly dominates because of the strong positive feedback caused by stress concentration on this evolving macrocrack. Thus the conditon D = 1 represents a critical instability in the fracture process (for the 2-D system shown in Fig. 1 ). Once met the Griffith criterion rapidly dominates, though as we have seen the evolution of damage in the Earth or laboratory rock specimens prior to the critical point cannot be modelled solely with this single-crack, mechanical approximation. Assuming c, stays fixed (corresponding to a constant Go), there are two remaining variables D and c1 in (c' ). As we have seen equation (2) can only be meaningful in the case when ( c ' ) depends on a single variable. This requires an extra condition to be applied. Here we assume that there is one crack of size c, -6 c / 2 S c 1 < c1 + Sc/2, so that c I is related to the constant NT by CJC, = (ON, S C / C , ) [~' (~+~)~.
(7)
Since 6c is arbitrary we may take 6 c / c , = 1 to simplify further. In this way the largest crack is specified by the whole distribution rather than a solitary largest event which may be subject to significant statistical fluctuation.
Equations (2), (3), (6) and (7) 
[ ( f ( D + h ) ) -(f(D))I/h}P
using double precision arithmetic, and equations (6a), (6b) and (7) to define the function f = ( c ) and f = (c') in turn,
for different values of NT. Assuming NT to be constant,
Case of constant D
The above formuation has been derived assuming all variables are constant except the power-law exponent D and the maximum crack size cl, but that c1 can be expressed as a function of D via equation (7). A similar formulation can be determined by fixing D to be a constant, and allowing the number of cracks NT to vary. In this case the modified
Griffith criterion a ( A F ) / d ( A , ) = O can be used to determine G' via
Analytical expressions for the partial derivative are as follows:
except when D = 1 or 2. When D = 2 and when D = 1
In the above x = c,/c,, and x = f ( N T ) via equation (7). G' cannot be determined uniquely if both NT and D are free to vary. This is analogous to the situation in thermodynamics where, for example, isothermal or adiabatic changes in the free energy are specified a priori.
Application to seismic event rates and seismic b-values
Equation (8) relates an appropriate strain energy release rate G ' ( D ) to the fractal dimension D , with the length of the largest crack c , being determined by D and NT.
However seismicity statistics of earthquakes or laboratory Acoustic Emissions (AE) are usually in the form
where N, is a cumulative frequency distribution. Aki (1981) was the first to show that the seismic b-value was related to the fractal dimension D by D = 3b/C, where C i s the slope of the scaling relation between magnitude rn and the common logarithm of seismic moment. C depends on the relative duration of the seismic event and the natural period of the recording system, and usually D =2b (Main, Meredith & Jones 1989) . Main & Meredith (1991, this issue) demonstrate from a causal argument that the seismic event rate N = 10" is proportional to the number of potentially active cracks NT in the early phase of damage development. Thus seismicity statistics can be used to infer NT and D via the parameters a and b. The major advantage is that a proper volume count of fracture statistics can be found in the laboratory by this method, and the major disadvantage is that the lower limit to seismic detection (represented by the background noise level) may be above the level c,, which contributes significantly to G'. That is, any seismically inferred G' relates to events which occur above a detection threshold G A rather than the lower limit Go for stress corrosion cracking.
Case 1: seismic event rates
In laboratory experiments Meredith & Atkinson (1983) showed that seismic event rates N were positively correlated to the measured stress intensity on a dominant mode I crack during stable stress-corrosion cracking. The form of this relationship is consistent with Charles' power law for stress corrosion crack growth where V is the average velocity of crack tip extension and n is the stress corrosion index. Subscripts refer to arbitrary reference positions, here taken to be at the lower limit of stress corrosion cracking. Meredith & Atkinson found that n' = n (about 30) within a few per cent for Whin Sill dolerite fractured under double torsion loading in water. The usual range for n in rocks is between 20 and 60. Thus N is very non-linearly related to G for experiments dominated by a single macrocrack. This non-linearity implies that even quite small changes in the potential strain energy release rate can have a large effect on the crack propagation velocity or the event rate. Figure 3 shows the predicted relationship between N and G'(N)/GO, for different constant values of D, calculated from equation (9) and assuming N is proportional to NT, with a constant of unity for convenience. The diagram shows that N is positively correlated G'(N), and that the predicted theoretical lines are well described by a power law (equation 12), with an effective stress corrosion index for the fracture ensemble in the range 4 < n ' < 1 0 . This is lower, but of approximately the 'same order of magnitude as the stress corrosion index for a single dominant crack in rock samples, where 20 < n < 60. The lower effective stress corrosion index implies that a material with a distribution of subsidiary cracks which contribute significantly to the potential strain energy release rate or total crack surface area accelerates more gradually towards dynamic failure than seen in laboratory experiments, where a dominant macrocrack is usually introduced artificially by cutting a blunt starting slot and a guiding groove in the rock sample (e.g. The log-log curves are linear to first order, with slopes in the range 2-5, corresponding to effective stress corrosion indices in the range 4 < n ' < 10. Costin's (1983) model, contrasts with the positive feedback due to the stress concentration which results as the largest cracks begin to dominate G'(N) or Ad. Of course the nearer dynamic failure the more the single-crack approximation holds, and the more unstable the system becomes. A second observation which can be made from Fig. 3 is that the effective stress corrosion index n' (defined from the event rate dependence) is larger for more heterogeneous materials (which will tend to have higher D) then it is for less heterogeneous materials (lower D). This may explain, for example, why rocks have higher n than ceramics or metals, but the effect is likely to be of second order compared to primary processes such as chemical interactions at crack tips between the material and its environment. In the case of geological materials, however, there are many examples in Atkinson & Meredith (1987; see especially their fig. 4.14) where polyphase rocks have a higher n than monominerallic rocks, with the lowest n values measured for single crystal materials. This is consistent with the theoretical prediction from the above that materials with more complex and heterogeneous microstructure (higher D) have higher stress corrosion indices.
Case 2: seismic b-values
Seismic b-values have been found experimentally to depend to first order on the applied stress (Scholz 1968 ) and the rock heterogeneity (Mogi 1967 
The second equations is more fundamental, since b also depends on the recording system used. A fracture system with high stress concentration (high stress intensity) is therefore associated with low D or b implying a rather homogeneous material with a few large, dominant macrocracks. In contrast a more heterogeneous material associated with many small cracks, associated with high D or b, is more resistant to dynamic fracture propagation because of its association with low K J K , . Since stress intensity is proportional to the applied stress times the square root of the macrocrack length, the stress is also negatively correlated to the b-value, at least in the early stages of deformation. As the material approaches dynamic failure by the catastropic growth of a macrocrack, however, near K = K,, the stress alone is insufficient to explain the observed b-value changes (Main et al. 1989; Meredith er al. 1990 ). Thus the empirical relationships (14) are consistent both with Mogi's (1967) (Main 1988; Main et al. 1990b) . For an unbounded system we shall see in the following section that the lower limit corresponds to finite ( c ) with respect to large increases in cl, and the upper limit corresponds to the Euclidean volume within which the fractures develop. We have already noted that the lower limit D = 1 corresponds to the point where the area of damage A,, proportional in our 2-D model to the expectation value ( c ) , begins to be dominated by the largest events. For D > 1 the smallest events always dominate the surface area term, in contrast to the Griffith criterion, which is dominated by, and explicitly based solely on, the largest crack. Thus the evolution of damage from Do= 3 towards the condition D, = 1, corresponds to a transition from stable damage development by many microcracks to the unstable growth of a single macrocrack of the kind analysed by Griffith. In practice no fractal system is unbounded, and these limits to the range of D should be treated as approximate. This range of appropriate fractal dimensions is discussed more fully below. allow comparison with Meredith & Atkinson's (1983) results, which plot b-values against the stress intensity factor K. It is obvious from the diagram that D, and by inference b, is negatively correlated to K'. However the relationship is not as linear as appears at first sight in the laboratory data, However the experimental results of Meredith & Atkinson (1983) were not sufficiently accurate to establish the nature of any curvature in the negative correlation which could be unequivocally established from the data. Although the minimum stress intensity factor KO has not so far been measured directly, because of the difficulties of performing an experiment of sufficiently slow deformation rate , it is thought that K , / K , is of the order 0.1-0.2 (Meredith 1990, personal communication Although the predicted behaviour for constant N is concave downwards more than is apparent in Meredith & Atkinson's (1983) results, there is no reason to suppose that N was in fact constant for these experiments. Indeed a straight line with negative slope on Fig. 4 (from equation 14) implies a system with increasing number of events for low G' or K', but decreasing number of events for high G ' or K' as D approaches the critical value of unity. Such quiescence is in fact observed in the short term before major earthquakes, as discussed in more detail in Main & Meredith (1991) . D apply strictly to unbounded systems, and in practice the requirement for upper and lower fractal limits (Mandelbrot 1982) could lead in certain cases to observations outside this range, particularly for systems with scale-invariance limited to a small range of characteristic lengths.
B: F R A C T A L D A M A G E EVOLUTION C H A R A C T E R I Z E D B Y ( C )
Having discussed the behaviour of ( c ) explicitly in the previous section, we can now consider the alternative characterization of the state of damage by ( G ) = -( a U / a A , ) = B 2 a 2 ( c ) rather than G ' ( D ) or G'(N,) . The main advantage is that ( G ) can be expressed as a unique function of two state variables NT and D, ( G ) =f(NT, D), whereas G' only has meaning when either is constant, i.e.
G ' ( D ) = f ( D ) or G'(N,) =f(NT).
The same assumptions of constant stress and weak interactions also apply to the discussion below, and it will be shown that, despite this proviso, the major conclusions of the above discussion are not changed by using ( G ) as a parameter rather than G'. G' is found to be positively correlated to seismic event rates (for D constant) and negatively correlated to seismic b-values (for NT constant), if b is proportional to the power-law exponent D of the length distribution and seismic event rate N is proportional to the total number of cracks NT. These correlations are identical to those observed in laboratory investigation of acoustic emissions during subcritical crack growth by stress corrosion. However, for the case of constant D the inferred effective stress corrosion index is lower for the model (4 < n' < 10) than that observed for tensile fracture experiments dominated by a single macrocrack (20 < n' < 60). This implies that a material with a distribution of subsidiary cracks which contribute significantly to the potential strain energy release rate accelerates more gradually towards dynamic failure than seen in laboratory experiments dominated by a single macrocrack. Thus the growth of a zone of damage helps to stabilize the system in the intermediate-term of the nucleation process prior to dynamic failure. The effective stress corrosion index is found to be higher for heterogeneous materials (with corresponding high values of D), which may explain the experimental observation that polymineralic rocks have higher stress corrosion indices than rnonomineralic rocks and single crystals respectively. Finally the relationship between G ' ( D ) and D for constant NT is found to be non-linear, compared to an approximately linear trend observed in tensile laboratory experiments. This implies first an increase in event rate followed by seismic quiescence as the failure criterion is approached. Thus seismic monitoring of the evolution of damage by microcracking which produces acoustic emissions can reveal time-dependent changes in either G' or ( G ) . Such an approach, where both the event rate and the 6-value are used to determine an appropriate damage parameter, is likely to be more successful than using either on its own.
